Myxococcus xanthus is a myxobacterium that exhibits aggregation and cellular differentiation during the formation of fruiting bodies. Therefore, it has become a valuable model system to study the transition to multicellularity via cell aggregation.
| INTRODUCTION
The appearance of cellular aggregates where multiple cell types can coexist has been recognized as one of the major transitions in evolution (Maynard-Smith & Szathmary, 2000) . In multicellular organisms, cell differentiation enables the coexistence of otherwise metabolically incompatible functions in unicellular organisms, which achieve such functions through alternation of cellular types or functions over time.
At least in principle, all cells conforming multicellular organisms possess an intracellular genetic regulatory network with steady expression states (attractors) that can be associated to specific cell types (Espinosa-Soto, Padilla-Longoria, & Alvarez-Buylla, 2004; Furusawa & Kaneko, 2002; Kauffman, 1969; Laurent & Kellershohn, 1999) .
Regulatory networks are conformed by components of diverse nature such as transcription factors, intra-and intercellular signaling proteins and other biochemical factors, each being affected and affecting the activity of other components in the network. The nonlinear interactions among the network components can result in the emergence of systemic properties that cannot be predicted by analyzing the individual elements (Saadatpour et al., 2010) .
A formalism that has enabled the study of systemic properties arising in regulatory networks is the Boolean network modeling, which has been fruitfully used in the study of developmental and other biological processes (Albert & Othmer, 2003; Benítez, Espinosa-Soto, Padilla-Longoria, & Alvarez-Buylla, 2008; Espinosa-Soto et al., 2004; Kauffman, 1969; Li, Assmann, & Albert, 2006; Martinez-Sanchez, Mendoza, Villarreal, & Alvarez-Buylla, 2015; Ortiz-Gutiérrez et al., 2015; Thomas, 1973) . Moreover, dynamic models provide a tool for identifying common properties and particularities in the developmental processes in different systems. In particular, they can provide clues about generic aspects of cell-fate determination in the transition to multicellularity (Arias Del Angel et al., 2016; Duran-Nebreda, Montañez, Bonforti, & Solé, 2016; Furusawa & Kaneko, 2002; Mora Van Cauwelaert, Del Angel, Antonio, Benítez, & Azpeitia, 2015) .
Implementation of dynamic models for the study of cellular differentiation has been mostly limited to eukaryotic model organisms developing through a zygotic or "staying-together" mechanism (Albert & Othmer, 2003; Benítez et al., 2008; Jaeger & Reinitz, 2012) . However, much less is known about the dynamic properties underlying cell-fate determination in the development of cellular aggregates, such as the fruiting bodies of Dictyostelium discoideum (Marée & Hogeweg, 2001; Nanjundiah & Sathe, 2013) and myxobacteria (Bretl & Kirby, 2016; Kroos, 2017) .
Among myxobacteria, Myxococcus xanthus is the most well-studied species, for which transcription factors and signaling pathways involved in its development have been described (Rajagopalan, Sarwar, Garza, & Kroos, 2014; Bretl & Kirby 2016; Kroos, 2017) . M. xanthus exists as individual vegetative cells that nonetheless exhibit social behavior (Yang & Higgs, 2014 (Higgs, Hartzell, Holkenbrink, & Hoiczyk, 2014; O'Connor & Zusman, 1991a,b) , and the remaining of the population differentiates into myxospores, a cell type that is metabolically quiescent and easily dispersible (O'Connor & Zusman, 1991a) . When nutrients become available in the medium, myxospores germinate and restart the vegetative life stage (Otani, Inouye, & Inouye, 1995; Shimkets & Seale, 1975) . Under other stress conditions M. xanthus may form spores independently of the development of FBs (Dworkin & Gibson, 1964; Higgs et al., 2014; Müller, Treuner-Lange, Heider, Huntley, & Higgs, 2010) .
At the molecular level, M. xanthus development starts with the stringent response triggered by the intracellular accumulation of the molecule (p)ppGpp (Harris, Kaiser, & Singer, 1998) . This molecule regulates downstream genes such as the ones coding for the transcription factors Nla's and the actABCD operon (Giglio, Caberoy, Suen, Kaiser, & Garza, 2011; Gronewold & Kaiser, 2001 ), which in turn allow the expression of at least five signals involved in the coordination and intercellular communication that are crucial to the progression of FB development (Kaiser, 2004; Arias Del Angel et al., 2017; Kroos, 2017) . Later in the developmental regulatory process, MrpC, a key transcription factor involved in cellular differentiation towards myxospore, is expressed (Robinson, Son, Kroos, & Kroos, 2014; Sun & Shi, 2001 ). In at least some strains, the PCD cell fate is achieved due to the action of the mRNA interferase, MazF which is co-transcribed with MrpC Lee et al., 2012; Nariya & Inouye, 2008) . Additionally, MrpC activity is posttranslationally regulated by the Serine/Threonine protein kinase (STPK) cascade, a set of eukaryotic-like kinases and scaffold proteins (named multiple kinase associated proteins, Mkaps) (Nariya & Inouye, 2005a,b) . In the vegetative state, PskA5, a member of the STPK cascade, phosphorylates to MrpC and reduces its affinity for its target genes (Nariya & Inouye, 2005b . Once development starts, PskA5 is inhibited and MrpC is released to act as transcription factor. Downstream of MrpC, the expression fruA and the devTRS operon is stimulated (Campbell et al., 2015; Ueki & Inouye, 2003) .
These in turn regulate effector genes directly involved in the phenotypic changes associated to cellular differentiation Müller et al., 2010; Rajagopalan et al., 2014) .
Previous models have been proposed to explain certain aspects of the M. xanthus development, however they have almost exclusively focused in the role of C-signal during FB formation, particularly in the aggregation phase, without paying attention to the additional components reported to be involved in the regulatory network (Bahar, Pratt-Szeliga, Angus, Guo, & Welch, 2014; Balagam & Igoshin, 2015; Igoshin, Goldbeter, Kaiser, & Oster, 2004; Janulevicius, van Loosdrecht, & Picioreanu, 2015; Sozinova, Jiang, Kaiser, & Alber, 2005 
| METHODS

| NetworkreconstructionandBooleanmodel
The regulatory network is grounded on experimental information Tables S1 and S2 , respectively.
| Estimationofmissinglogicalfunctions
For those functions for which no sufficient experimental detail was available, we implemented a modified version of the algorithm originally proposed by Azpeitia, Weinstein, Benítez, Mendoza, and Alvarez-Buylla (2013) . This algorithm allows to test one-by-one the set of possible single missing interactions (i.e., those not currently reported in the literature) and test their effect on the network attractors. The algorithm considers a set of principles that reduce the set of possible logical functions to those that are biologically meaningful and consistent with experimental evidence considered in the network.
We only had protein-to-protein interaction data for the STPK cascade elements and lacked further information to define the regulatory interactions among members of the STPK cascade. Thus we used the algorithm proposed by Azpeitia et al. (2013) to elucidate the subset of interactions which were most likely to be involved in the process under study, this is, the subset of interactions among STPK cascade elements that were consistent with the rest of the data and with the expected attractors.
| Networkdynamics
In the network simulations, the state of the nodes is allowed to change over time (measured as iterations) according to:
where X n (t + 1) is the state of the node X n a time t + 1. Such state is determined by a logical function Fn that depends on the state of the regulators X n1 , ,X n2 , …, X nk at time t. The network was updated using a synchronous scheme in which the state of all the nodes is updated simultaneously at each iteration. We followed all the possible initial conditions to find the attractors of the network.
| Regulatorynetworkmodelrobustness
Robustness of the network was assessed by using the bit-flip method that changes the output of logical functions one-by-one or the state of a node at a given time point. Then, we assessed the network tendency to maintain its properties in the face of these perturbations, as compared to a population of 10,000 randomized versions of the network. We also tested the effect of an asynchronous updating scheme on the number and identity of the network attractors.
| Temporaldynamicsanalysis
We estimated the number of iterations required for the wild-type network model and multiple single in silico mutations to reach the attractor corresponding to myxospores. Mutants were modeled by fixing the state of a given node to 0 throughout the whole realization. In these simulations, the systems (original and mutants) were initialized in the same condition representing the setting of starvation. The order in the number of iterations taken by wild-type and mutant models to reach spore formation is referred to as temporal sequence.
To explore the robustness of such temporal sequence, temporal dynamics were also analyzed under stochastic perturbations, in each iteration one node obeys one alternative logical function with probability p. Alternative logical functions were generated through one of four different methods: (i) The node state is fixed to 0, (ii) the node state is fixed to 1, (iii) the alternative logical function is generated by reorganizing the bits of the original truth table, or (iv) the alternative logical function is selected from the set of possible logical functions for N regulators; where N is the number of regulators of a given node.
Three error probabilities p (.5, .1 and .05) were tested for each of the four methods described above.
| Continuousmodel
Boolean models are known to recover fixed points of continuous to recover a sigmoidal behavior. All the decay rates are set to 1.
Estimation of missing logical functions was performed by using a modified version of the original scripts provided by E. Azpeitia (Azpeitia et al., 2013) and implemented in Perl v5.16.2. Network model analyses were performed using the R package BoolNet v2.1.1 pre-built functions and our own customized scripts. The code used to perform the reported analysis is available at https://github.com/ laparcela/mxan_regulatory_network_model.
| RESULTS
| Theregulatorynetworkmodelrecovers attractorsassociatedwithcelltypesobservedduring M. xanthuslifecycle
We propose a regulatory network that integrates the experimental evidence related to the development of M. xanthus (Table S1 and S2; Figure 1 ). The nodes of this network represent diverse elements including transcription factors, enzymes (particularly, protein kinases), metabolites, membrane proteins, scaffold proteins and diffusible (Figure 1 ; Figure S1 ). The results of these simulations are congruent with available experimental data (Figure 3 ). (Figure S2 ).
| Theregulatorynetworkmodelrecoversthe transitoryactivationofMrpC2duringM. xanthus development
We were interested in analyzing the system trajectory when initialized in a condition that simulates the setting of starvation. We assumed that the network state at such initial condition is similar to the vegetative attractor, with the difference that the NUT node is set to 0. In congruence with available evidence, and as validation to our model, setting NUT's value to 0 in the vegetative attractor leads the system to the myxospore attractor.
A closer inspection of the trajectory with such an initial condition showed a transitory activation of MrpC2 that is consistent with previous reports (Lee et al., 2012) (Figure 4) . Indeed, MrpC2 has been shown to peak around 24-36 hr after the establishment of starvation and then it is reduced later during development (Lee et al., 2012) . However, the mechanisms behind this transitory activation are still unknown. To study potential mechanisms, we repeated our simulation using in silico mutants and found that the null mutant ΔpktA2 reaches a myxospore attractor but the MrpC2 state remains constant once activated (Figure 3 ), suggesting that PktA2 and its regulation by MrpC and DevTRS is involved in the re-activation of the STPK cascade and the concomitant inhibition of MrpC2 later in development. Since the trajectories of a Boolean system are particularly sensitive to the discrete implementation of the model, we verified this result by using a continuous approximation of the system (Villarreal et al., 2012) , and found that the transitory behavior is conserved ( Figure S5 ).
| Theregulatorynetworkmodelrecoversthe developmentaltimedelaysobservedinmutantstrains
Mutations of kinases of the STPK cascade have been shown to produce timing changes of the aggregation and cell differentiation towards spores, but do not arrest development (Escalante et al., 2012) . We investigated if the dynamic properties emerging from the interactions between the network components explain the timing alterations observed experimentally. In order to test this, we used the in silico null mutants for each of the kinases included in the STPK cascade and simulated the transition starting from the setting of starvation to the myxospore formation. Each of the perturbed networks reaches an attractor that can be associated to myxospore formation, but the number of time steps required for each network to reach the attractor is different (Figure 4 ). The results for the simulated sporulation timing (ΔpktC2 > ΔpktD9 > ΔpktD1 > ΔptkA2 = DZF1) are in good agreement with the experimental
ΔpktC2 the predicted sporulation timing occurs earlier that reported (Escalante et al., 2012) . To test the robustness of these results, we conducted similar simulations with either an asynchronous or an stochastic updating schemes, finding that these results are not an artifact of the deterministic synchronous updating scheme ( Figure S3 and S4).
| DISCUSSION
Previous experimental work and dynamic models for M. xanthus have approached cell-fate determination as the result of the differential expression of single genes associated to M. xanthus development (e.g., C-signal; Sozinova et al., 2005 Sozinova et al., , 2006 Holmes, Kalvala, & Whitworth, 2010) . However, some integrative efforts have highlighted the importance of understanding development as the result of interactions among diverse factors (Arias Del Angel et al., 2017; Bretl & Kirby, 2016; Kroos, 2017; Rajagopalan et al., 2014) . Nevertheless, these efforts still have not captured the complex dynamics underlying M.
xanthus development.
The model proposed here integrates the available information for M. xanthus cell-fate determination into a dynamic framework. This model reproduces attractors that emerge from the dynamic interactions in the network and that can be associated to the cell types reported for fruiting body development in this species. Since the network components represent known genes and molecules, the model provides us with a mechanistic explanation of the process and with the possibility to test the importance of certain nodes or interactions and to generate predictions that can feedback experimental work. In particular, our model predicts that an hypothetical interaction between devTRS operon and PktA2 is important to reproduce the transitory activation of MrpC/MrpC2, which has been reported but not yet understood at a mechanistic level (Lee et al., 2012) . Among the attractors recovered by the model, the one associated with spheroplast was not expected. Thus, our model suggests that the same regulatory network involved with cell differentiation during fruiting body development is also associated with development-independent cell differentiation in M. xanthus. Moreover, this partially validates the model, as it can reproduce experimental results that were not considered for the model specification.
While the model provides us with an explanation for cell-fate determination in M. xanthus development, it can not fully recover some reported behaviors. Specifically, when we analyzed the delay series across the in silico mutants for the components of the STPK cascade, the model results did not match the experimental observations regarding the sporulation timing of the ΔpktC2 strain under either synchronous, asynchronous or stochastic updating schemes.
This inconsistency suggests that there is still some information missing in the regulatory network (in particular regarding the regulation from or to PktC2) or that the specification of the Boolean model is insufficient to explain some behaviors of the system. In particular, one of the main challenges of Boolean models is to recover transient dynamics, and it is actually when we look at the transitory states of our system that we find more inconsistencies with empirical data. Also, multiple or continuous levels of activity are Boolean models and it is possible that some of the behaviors not recovered by our model may be associated to the assumption of Boolean states. In particular, some of the components included in the models are suggested to have three activity levels (low, intermediate and high). For example, at intermediate levels FruA promotes certain aggregative behaviors (Jelsbak & Søgaard-Andersen, 2000) , but these are impossible to consider in our model since we are not including spatial dynamics. However, for single cells, the two levels assumed for FruA activity seem to be sufficient to recover the different expected cell types. It is also worth noting that our model only considers intracellular events, while M. xanthus development involves multiple cell-to-cell interactions in a spatial scale that is not explicitly considered in the present model.
A deeper understanding of this system, which represents one of the model species for the study of the transition to multicellularity, might be obtained from the development of spatial models that consider intra-and intercellular dynamics.
The model presented here contributes with a formal articulation of the available empirical data and provides a basis on which further experimental results can be integrated, and which may complement other modeling efforts focusing on the aggregative dynamics of M. xanthus (Holmes et al., 2010; Sozinova et al., 2006) . Moreover, it constitutes a necessary step to explore the developmental dimension 
